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Intrinsic activation of cell growth 
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María I. Calvo-sánchez1,4, Sandra Fernández-Martos1, Juan José Montoya  2 & Jesús espada  1,3
the emerging variety of signalling roles for Ros in eukaryotic cells and tissues is currently a matter of 
intense research. Here we make use of ex vivo cultured single human hair follicles as an experimental 
model to demonstrate that a transient production of non-lethal endogenous Ros levels in these 
mini-organs promotes efficiently the entry into the growth phase (anagen). The stimulatory process 
implicates the specific activation of the hair follicle stem cell niche, encompassing the induction of 
stem cell differentiation markers (Ck15), overall cell proliferation and sustained growth of the tissue 
associated with expression of gen targets (Ccnd1) concomitant with the inhibition of Wnt signaling 
antagonists and repressors (Dkk1, Gsk3β) of Wnt signaling. As a whole, this observation indicates that, 
once activated, ROS signalling is an intrinsic mechanism regulating the hair follicle stem cell niche 
independently of any external signal.
The potential signalling roles in eukaryotic cells of a dedicated and local production of non-lethal ROS levels is 
currently a matter of intense research. The deleterious effects of an incidental ROS accumulation inside cells and 
tissues, mostly due to a leaky electron transport chain in the mitochondria, are widely characterized. Deregulated 
ROS production can promote the accumulative oxidation and further functional inactivation of several cell com-
ponents, including lipids, amino acids, enzyme co-factors and the DNA molecule1–3. These oxidative events com-
monly result in the irreversible activation of cell death mechanisms4,5. Not surprisingly, ROS-dependent damage 
has been associated at a systemic level with several human diseases and with the ageing process1–3,5,6.
In the last years, different results using cultured eukaryotic cells have pointed out that ROS can be directly 
involved in the regulation of key processes such as proliferation, differentiation and motility3,4,7, underpinning 
the notion of these molecules as true biochemical signalling effectors. In support of this new paradigm in redox 
biology, organotypic and animal experimental models have been also used trying to establish the physiological 
roles of ROS in vivo. In this regard, it has been shown that the differentiation program of hematopoietic progeni-
tors in Drosophila is associated with local changes in ROS concentrations8. In zebrafish, wound induction triggers 
the formation of a transient ROS gradient in the tissue and a similar event occurs during tail regeneration in 
Xenopus tadpoles9. In mammals, the exogenous administration of hydrogen peroxide activates the self-renewal 
and differentiation programs of neural stem cells in a neurosphere model10. In this context, it has been proposed 
an active role for ROS during vertebrate embryo development11,12. Interestingly, a transient and differential ROS 
production has been associated also with the deregulation of intestinal stem cell function during colorectal cancer 
initiation13.
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In mouse skin, genetic impairment of mitochondrial activity by a conditional deletion of the mitochondrial 
Transcription Factor A (TFAM) locus results in defective hair follicle growth14, indirectly suggesting a role for 
ROS in the modulation of hair follicle stem cells. More recently, we have provided a straightforward demonstra-
tion of the physiological roles of ROS in vivo in the regulation of skin homeostasis and regeneration and of the 
hair follicle stem cell niche activity15,16. Using Protoporphyrin IX as an endogenous photosensitizer and subse-
quent irradiation of the tissue with red light to promote a local, spatially restricted photodynamic effect, we have 
reported that a transient activation of non-lethal endogenous ROS levels activates the hair follicle stem cell niche, 
promoting wound healing and hair growth in a ROS-dependent process. In a step forward, our aim here, using 
human hair follicles growth ex vivo as experimental model, was to provide a concise report supporting the notion 
that the ROS-dependent activation of the hair follicle stem cell niche is an intrinsic event that does not depend on 
signals from the surrounding tissue.
Results and Discussion
Here we have used as experimental system human follicular units (FUs) grown ex vivo typically containing one 
or two individualized hair follicles in the late resting (telogen)/early growing (anagen) phase, embedded in a 
remnant matrix of fatty and dermal tissues (Fig. 1A). In our experience, maintenance of this remnant matrix 
promotes optimal hair follicle survival up to day 7–9 in basal conditions and the presence of one or two hair 
follicles in the FU are virtually equivalent experimental conditions. First, we verified that treatment of resting 
(telogen phase) human hair follicles with low concentrations of 5 mALA, a precursor of PpIX, and subsequent 
irradiation with a moderate red-light dose promoted a transient ROS burst in the cultured mini-organs (Fig. 1B). 
In the experimental conditions described here, the resultant transient peak of ROS production induced by these 
photodynamic effect was found non-lethal, in agreement with our previous results in epidermal cells and in 
mouse skin15,16. We further found that the activation of a transient, non-lethal ROS production induced by a 
PpIX-dependent photodynamic treatment (PT) was sufficient to induce a rapid and evident swelling of the hair 
bulb region of treated hair follicles as compared to Control partners, suggesting the entrance into the growing 
(anagen) phase (Fig. 2A). A detailed histological analysis showed a significant increase in the cellular mass of the 
dermal papilla and the whole hair bulb region 7 days after PT (Fig. 2B). A time course image-based quantitative 
analysis in ex vivo grown hair follicles further confirmed the significant increase of the hair bulb area induced by 
PT. A steady and continuous growth was observed in treated hair follicles for more than 18 days, while Control 
samples did not show significant changes in the hair bulb area (Fig. 2C,D). All these stimulatory events, as well as 
the transient ROS production induced by the photodynamic treatment, were completely abolished by a cocktail 
of antioxidant compounds (Figs 1 and 2), indicating the direct implication of ROS production in the subjacent 
molecular mechanisms. Interestingly, the ROS-dependent induction of hair bulb growth was also strongly inhib-
ited in the presence of the specific WNT inhibitor PNU-74654 (Fig. 2C,D), that specifically prevents the binding 
of β-catenin to LEF/TCF factors, pointing out the implication of the WNT/β-catenin signaling pathway in this 
process.
We next investigated whether the hair bulb growth induced by a non-lethal ROS production was also asso-
ciated with cell proliferation and thickening of the suprabulbar hair fiber. Morphological analysis of histological 
section showed a noticeable increase in the number of cell layers and in the length of the hair fiber 7 days after 
PT, as compared to Control samples (Fig. 3A). Quantification of suprabulbar hair fiber transversal length at day 7 
showed a statistically significant thickness increase induced by PT that was abrogated by ROS scavengers and the 
PNU-74654 WNT inhibitor (Fig. 3B). The immunolocalization of the E-cadherin homotypic cell-cell adhesion 
receptor further confirmed the strong increase in hair suprabulbar fiber thickness and in the number of epithelial 
cell layers in the inner and outer root sheets 7 days after PT (Fig. 3C). The proliferation and mobilization of skin 
stem cell progenitors was monitored by the expression of the specific CK15 marker in the tissue (Fig. 3D), show-
ing that an activation of proliferation and differentiation programs occurred in the hair follicle stem cell niche in 
response to ROS signaling. The overall activation of cell proliferation induced by a transient production of ROS in 
the hair follicle was corroborated by the immunolocalization of the KI67 marker, showing a significant increase 
in expression levels in the tissue 7 days after PT as compared to Control samples (Fig. 3D).
Two master signaling networks control for the most part the hair follicle growth cycle; WNT/β-catenin signa-
ling regulates the activation of the stem cell niche and the entrance into the growing (anagen) phase while BMP/
Smad signaling is implicated in the maintenance of the quiescence state in the hair follicle stem cell niche and 
the entrance into the resting (telogen) phase17. We have shown above that WNT signaling is implicated in the 
ROS-dependent stimulation of human hair follicles grown ex vivo (Figs 2 and 3). A quantitative analysis of gene 
expression further indicated that a transient production of non-lethal ROS levels in the tissue strongly activated 
the transcription of key WNT signaling targets in the skin (CCND1, AXIN2c) and of a factor (VEGF) that acts 
coordinately with the WNT pathway to control hair growth and follicle size in the mouse18 and to induce dermal 
papilla cell proliferation in human hair follicles19 (Fig. 4A). Notably, the expression activation of these gene tar-
gets was completely abrogated by both ROS scavenging and WNT signaling inhibition (Fig. 4A). In addition, a 
transient production of non-lethal ROS levels in human hair follicles induced a significant downregulation WNT 
signaling antagonists and repressors (DKK1, GSK3β), while no alterations were observed in the expression of 
BMP/Smad signaling gene targets (ID2) or effectors (BMP4) (Fig. 4B). Interestingly, none of these expression pat-
terns where affected by either ROS scavenging or WNT inhibition (Fig. 4B). DKK1 gene expression pattern was 
confirmed by immunolocalization experiments (Fig. 4C). Finally, we also analyzed the protein expression pattern 
of the WNT signaling-related transcription factor TCF4 in human hair follicles, and we found that this protein 
was significantly expressed in the dermal papilla 7 days after PT as compared to Control samples (Fig. 4C), in 
agreement with previous results20,21. These observations suggest that functional ROS signaling may be involved in 
the modulation of the WNT, but not BMP/Smad, signaling network in the hair follicle.
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As a whole, the results reported here point out the physiological ROS signaling as a cell autonomous process 
that, once triggered, does not require any further external cue to proceed. In mammalian skin, the hair follicle is a 
complex mini organ that alternates growth, regression and resting phases depending on external signals coming 
from the surrounding environment17. For the most part, these external signals regulate the activity of the hair 
follicle stem cell niche. As a consequence, the continuous growth of hair follicles ex vivo requires a mixture of 
growth factors added externally to maintain an active proliferative state that, in human follicles, last for no more 
than 7–10 days as a rule, at which time the whole structure enters in regression (catagen) phase. Here we provide 
evidence indicating that activation of a transient production of non-lethal levels of endogenous ROS promotes a 
continuous growth and differentiation of human hair follicles ex vivo for more than 20 days associated with the 
activation of hair follicle stem cells. In this sense, the results shown here strongly support an active role for ROS in 
the functional regulation of stem cell niches, in agreement with previous reports. In this particular experimental 
model, ROS signaling is able to switch on the main pathway implicated in the activation of the hair follicle stem 
cell niche, namely Wnt/β-catenin, but does not affect BMP/Smad signaling, responsible for the resting phase of 
this niche.
The underlaying molecular mechanism of the ROS-dependent activation of the hair follicle stem cell niche 
deserves further investigation and constitutes and exciting area of research. Major molecular targets of ROS 
signaling at cell/tissue functional level are redox sensing enzymes, mostly protein kinases and phosphatases 
harboring critical sulphur-containing amino acids in the catalytic domain susceptible of reversible functional 
Figure 1. Transient activation of endogenous ROS production in human hair follicles by a PpIX-dependent 
photodynamic treatment. (A) Brightfield microscope images of representative hair follicles growing in 24-well 
plates (left panel) and the specific series of hair follicles used in the experiment shown in (B) at day 0 before ROS 
activation, indicating the 24-well location code for each sample (right panel). (B) Imaging of endogenous ROS 
production in human hair follicles grown ex vivo after a Protoporphyrin IX-dependent photodynamic treatment 
(incubation for 4 h with 0,1 mM with Protoporphyrin IX precursor m-ALA and subsequent irradiation with 
634 nm red light, total light dose of 3,72 J/cm2; PT) or after PT in the presence of a ROS scavenger cocktail 
(PT + inh) (3 mM N-acetil-L-cysteine and 100 µM Ascorbic Acid). Control samples were irradiated solely 
with red light. ROS was detected using an IVIS-Lumina system using 2′,7′-dichlorodihydrofluorescein 
diacetate (DHF-DA) as a generic fluorescent ROS reporter. Essentially the same results were obtained with 
singlet oxygen Sensor Green reagent. Fluorescence intensity was recorded as Counts (photons/sec/cm2). 
Results are representative of three different experiments (n ≥ 3 samples per condition in each experiment). 
(C) Quantification of ROS dependent fluorescence under the described experimental conditions. The ratio between 
the counts obtained from Photodynamic Treatment (PT) and Control groups or Photodynamic treatment with 
ROS scavengers (PT + inh) and Control was represented. The mean +/− SD values of at least three independent 
experiments (n ≥ 3 samples per condition in each experiment) are represented. ***significant P < 0.001.
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Figure 2. Induction of a sustained WNT-dependent thickening of the hair bulb/dermal papilla region of 
human hair follicles by a PpIX-dependent non-lethal production of endogenous ROS. (A) Representative 
images of hair bulb thickening at 0, 7 and 19 days after PpIX-dependent Photodynamic Treatment (PT). A 
local non-lethal ROS production induces a significant and sustained increase in the whole hair bulb area of 
human hair follicles growth ex vivo after PT as compared to Control conditions. Note that PT hair follicles 
are still growing 19 days after the treatment. Results are representative of at least 50 different hair follicles. 
(B) Representative histological sections stained with Masson´s trichrome of Control or PT human hair follicles 
grown ex vivo after 7 days in culture. Note the enlargement of the dermal papilla (large dotted line) and hair 
matrix (small dotted line) regions in PT samples. Results shown are representative of at least 10 hair follicles 
in three independent experiments. Bar: 50 µm. (C) Time course quantification of hair bulb area after red light 
irradiation (light Control), PT dependent ROS production (PT condition), and PT in the presence of a specific 
WNT signalling pathway inhibitor (PT + WNT inh) or ROS scavengers (PT + ROS inh). A local, PpIX-
dependent non-lethal ROS production induces a sustained and strongly significant increase of the hair bulb 
area after PT as compared to Control conditions, that is abolished by the WNT inhibitor PNU-74654 [40 µM], 
or the ROS scavengers AA (60 ng/µl) and NAC (480 ng/µl). Results are representative of at least 18 hair follicle 
units per condition. The mean +/− SD of n ≥ 10 for each experimental condition is represented and T-test was 
used for statistical analysis. **significant P ≤ 0.05; *significant P ≤ 0.1. (D) Time course representation of the 
ratios between the mean area of treatment (PT, PT + WNT inh, PT + ROS inh) relative the Control conditions 
quantified in (C).
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Figure 3. Induction of WNT-dependent suprabulbar fibre thickening of human hair follicles by a PpIX-
dependent non-lethal production of endogenous ROS associated with the expression of proliferation and stem 
cells markers. (A) Representative histological sections stained with Masson´s trichrome of human hair follicles 
grown ex vivo of light Control or Protoporphyrin IX-dependent photodynamic treatment (PT) samples after 7 
days in culture (same as in Fig. 2 for comparative purposes) showing the thickness of the suprabulbar region. 
Results shown are representative of at least three hair follicles in three independent experiments. Right panels 
show the magnification of regions indicated in left panels. Doted lines are representative examples showing 
proximal, medial and distal locations where suprabulbar hair fiber transversal length was measured. Bar: 50 µm. 
(B) Quantification of suprabulbar hair thickness showing a statistically significant increase in PT as compared 
to Control samples that is abolished by the WNT inhibitor PNU-74654 [40 µM], or the ROS scavengers AA 
(60 ng/µl) and NAC (480 ng/µl). The mean +/− SD of the main suprabulbar thickness (mean of proximal, 
medial and distal length measurement in each hair follicle) in n = 3 samples for each experimental condition 
was represented and T-test was used for statistical analysis. (C) Representative confocal microscopy images 
(maximum projections) of the immunolocalization of the E-Cadherin cell-cell adhesion protein (ECCDN1) 
in the suprabulbar region in histological sections of human hair follicles grown ex vivo 7 days after red light 
irradiation (light Control) or PT samples. DAPI was used as chromatin counterstain and is shown in merged 
channels. Note the significant increase in the number of ECCD1 positive cells in outer and inner root sheath 
epidermal layers (bars). Results are representative of three different experiments, n ≥ 3 samples per condition in 
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oxidation22,23. In this sense, the Src kinase is a prototypic redox sensing enzyme22,24 and we have previously 
shown that this enzyme is specifically activated in mouse skin after a transient ROS stimulus that promotes 
hair growth and wound healing15. It has been also reported that SRC and Wnt signaling act together in critical 
aspects during C. elegans embryo development25, pointing out a potential interconnection node between ROS 
and Wnt signaling. Kinases and phosphatases of the ERK/MAPK signaling network are also a proposed key 
target of ROS23. Interestingly, a cross-talk, either in positive or negative feedback settings, between ERK/MAPK 
and Wnt/β-catenin pathways has been reported in different experimental models, including the skin26. Overall, 
although the specific role for ROS in hair follicle dynamics has not investigated in deep in this work, the reported 
results provide further evidence of potential physiological roles for ROS in the functional regulation of complex 
biological structures, in this case the human hair follicle.
Materials and Methods
All methods were performed in accordance with all relevant institutional and EU experimental and ethical 
guidelines.
Ex vivo culture of human hair follicles. Human hair follicles were obtained from human scalp samples 
taken from the occipital skin of volunteer donors during a hair transplant procedure. Eligible patients provided 
written informed consent, and the Ethical committee of the Ramon y Cajal University Hospital approved this 
procedure. Follicular units (FUs) in the resting (telogen) phase, typically containing one or two hair follicles and 
surrounding fatty and dermal tissue remnants, were dissected and selected by expert trichologists at the Ramón 
y Cajal Hospital Dermatology Service using standard morphological criteria. FUs were grown in Williams E 
medium (Sigma) supplemented with 10x Penicilin/Streptomycin, 10x Amphotericin B, and 2 mM L-Glutamin (all 
from Gibco), 5 µg/ml Insulin, 5 µg/ml transferring, 20 pM T3 hormone, 0.083 µg/ml cholera toxin and 0.4 µg/ml 
hydrocortisone at 37 °C in a 5% CO2 humidified atmosphere. Adherent tissue remnants in FUs were maintained 
throughout the ex vivo growing process to improve hair follicle viability in basal conditions. FUs from the same 
individual and body location were used in each experimental series.
Ros production. A modified (patented for all commercial purposes) PpIX-dependent photodynamic treat-
ment was used to activate a transient production of non-lethal endogenous ROS levels in human hair follicles 
in vivo. To this end, FUs were incubated for 4 hours with 0,1–1 mM of MAL (Sigma) in complete Williams E 
medium, and then irradiated 10 min with a red light emitting diode source with an emission peak at 634 nm 
bandwidth, with a total light dose of 3.72 J/cm2. Light controls with no MAL were included in all experimental 
designs. PT + inh condition was carried out adding the ROS scavengers N-acetil-L-Cysteine and Ascorbic Acid 
(NAC and AA, both from Sigma-Aldrich) at a final concentration of 3 mM and 100 µM, respectively, 30 min 
before red light exposure, to impair the effects associated to ROS. After treatments, fresh medium was added. In 
order to inhibit WNT signaling activity, the specific inhibitor PNU-74654 (Santa Cruz Biotech) was used at a final 
concentration of 40 µM, diluted in complete Williams medium E. PNU-74654 was initially added to the medium 
at the same that MAL and was maintained until the end of experiments, replacing every day with fresh medium 
containing the inhibitor.
ROS quantification. The determination and quantification of ROS production was carried out using the flu-
orescent probes 2′,7-Dichlorodihydrofluorescein diacetate (DHF-DA, Sigma-Aldrich) and singlet oxygen Sensor 
Green reagent (Thermo Fisher). The probes were diluted in Williams E medium during MAL incubation, at a 
final concentration of 10 µM, 30 min before red light irradiation. 30 minutes after red light irradiation, hair fol-
licles were washed twice in saline solution, placed into a black multiwell plate with saline solution, and the plate 
was transferred into an IVIS device (IVIS Lumina 2 imagen system, xenogeny). ROS production was evaluated 
by measuring DCF signal selecting the adequate filters (445–490 nm for the excitation band, 515–575 nm for the 
emission band).
Optical acquisition settings were adjusted to obtain a signal level of 600 to 60000 relative lux counts. To this 
end, oxidized H2-DCF-DA (DCF) molecules were excited during 1 second of exposition time, with an aperture 
(amount of light collected, F/Stop) of 8. In order to improve the signal to noise ratio for read noise, Small Binning 
was selected. Data was collected as counts (photons/sec/cm2) using Living Image software v2.50 (Xenogen). The 
minimum colour scale was adjusted to the negative control (FU without DHF-DA), and the maximum colour 
scale to the PT area. The regions of interest (ROI) were adjusted to wells’ size, and the fluorescence measurements 
of each ROI were exported in excel format. The ratio between the total counts and the selected area was calculated 
and compared as fold change between PT and control, or PT + inh and control. T-test was used for statistical 
analysis.
Histological analysis. For histological analysis, FUs were fixed in 3.7% aqueous pH-neutral formalde-
hyde and embedded in paraffin using standard procedures. Typically, 18–22, 6 µm thick, longitudinal tissue sec-
tions were obtained for each FU. As a rule, the most 6–4 central sections, encompassing as much as much as 
each experiment. Scale bars: 50 µm. (D) Representative confocal microscopy images (maximum projections) of 
the immunolocalization of the Cytokeratin 15 (CK15) stem cell marker and the Ki67 cell proliferation marker in 
histological sections of human hair follicles grown ex vivo 7 days after red light irradiation (light Control) or PT. 
DAPI was used as chromatin counterstain and is shown in merged channels. Results are representative of three 
different experiments, n ≥ 3 samples per condition in each experiment. Lower panels shown the magnification 
of hair bulb regions indicated in upper panels. Scale bars: 100 µm.
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Figure 4. Transcriptional activation of WNT signalling gene targets and of hair follicle growth promoting 
factors in human hair follicles induced by a PpIX-dependent non-lethal production of endogenous ROS. (A) 
Gene expression analysis of selected WNT signalling transcriptional targets in the skin (CCDN1, AXIN2c) and 
of a key human hair follicle growth promoting factor (VEGF) in human hair follicles growth ex vivo. Note the 
strong expression of these gene targets 7 days after a transient, non-lethal ROS production in the tissue induced 
by a Protoporphyrin IX-dependent photodynamic treatment (PT), that is abolished by the WNT inhibitor 
PNU-74654 [40 µM], or the ROS scavengers AA (60 ng/µl) and NAC (480 ng/µl). (B) Gene expression analysis 
of WNT signalling inhibitors/antagonists (GSK3β, DKK1) and of transcriptional effectors (BMP4) and targets 
(ID2) of BMP/Smad signalling. Note that GSK3β and DKK1 expression is significantly downregulated by PT 
and this downregulation is not modulated by WNT or ROS inhibition. Note also that the expression of BMP4 
or ID2 is not affected by PT. In (A,B), gene expression values were quantified by qRT-PCR, fold changes were 
calculated as the ratio between means of 2−ΔCt values normalized to 18S rRNA, and the means of fold changes 
(relative to Control) +/− SE of n ≥ 4 samples for each experimental condition were represented. T-test was used 
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possible the full length of, at least, the suprabulbar fibre and hair bulb regions, were used for comparative analysis. 
Remnant tissue sections were used to implement immunological procedures (see below). To analyse morphologi-
cal changes at tissue level, histologically equivalent sections were evaluated by Masson’s trichrome staining. Bright 
field image acquisition was performed using a Nikon Eclipse Ci coupled to a Jenoptik PROGRES GRYPHAX® 
SUBRA Super HD camera and suited Version 1.1.8.153 image software pack.
Quantification of hair bulb area and suprabulbar fibre thickening. For the evaluation of signif-
icant morphological changes in vivo in whole hair follicles, high resolution images of FUs growing in 24-well 
plates were acquired at time 0 after PT, and every 24 hours onwards for a minimum of 7 and a maximum of 
19 days, depending on experimental settings. Image acquisition was performed using a Nikon Eclipse Ci 
LED-fluorescence microscope using a 2x objective and a 0.55x Reduction Lens adapter coupled to a Jenoptik 
PROGRES GRYPHAX® SUBRA Super HD camera. Total hair bulb area in high resolution images of whole hair 
follicles was spotted and quantified using suited free FIJI software packs (https://fiji.sc/). The mean +/− SD of 
hair bulb measurements in n ≥ 12 samples for each experimental condition was represented and T-test was used 
for statistical analysis. As adherent tissue remnants in growing FUs preclude a precise imaging in vivo of the hair 
fibre, equivalent histological sections of the medial hair follicle region were used for the evaluation of suprabulbar 
fibre region thickening. Hair follicles at day 7 were selected for this set of measurements. High resolution images 
of Masson´s trichrome or DAPI stained sections acquired in a Nikon Eclipse Ci LED-fluorescence microscope 
were used to quantify the transversal length of the hair fibre in three separate locations of the suprabulbar region, 
proximal, medial and distal, for each hair follicle (see Fig. 3A). The mean of these three measurements was used 
as the main hair follicle suprabulbar fibre thickness value. The mean +/− SD of suprabulbar thickness in n = 3 
samples for each experimental condition was represented and T-test was used for statistical analysis.
RNA extraction and gene expression analysis. Total RNA of at least 4 FUs in each experimental group 
was extracted 7 days after treatments, using RNeasy micro kit (Qiagen). RNA was normalized with respect to the 
number of FUs in each experimental condition, and then was converted into cDNA using FastGene Scriptase II 
cDNA Kit (Nippon genetics). qRT-PCR data was analysed using a comparative CT method, using 18S ribosomal 
RNA expression as an internal control. Gene expression fold changes were represented as the ratio between means 
of 2−ΔCt values of MAL FUs and Light control FUs mean values. Gene targets and primers (reading 5′–3′) used 
for amplifications were as follows:
CCND1: Fw- ACGAAGGTCTGCGCGTGTT; Rev- CCGCTGGCCATGAACTACCT
GSK3β: Fw- AACTGCCCGACTAACAACAC; Rev- ATTGGTCTGTCCACGGTCTC
VEGF: Fw- GAGATGTCCCTGGAAGAACACA; Rev- GAGTGGGATGGGTGATGTCAG
ID2:Fw- GCTATACAACATGAACGACTGCT; Rev- AATAGTGGGATGCGAGTCCAG
AXIN2c: Fw- GGTGTTTGAGGAGATCTGGG; Rev- TGCTCACAGCCAAGACAGTT
BMP4: Fw- AAAGTCGCCGAGATTCAGGG; Rev- GACGGCACTCTTGCTAGGC
DKK1: Fw- CCTTGAACTCGGTTCTCAATTCC; Rev- CAATGGTCTGGTACTTATTCCCG
18S: Fw- CGGCTACCACATCCAAGGAA; Rev- GCTGGAATTACCGCGGCT
protein immunolocalization. To determine target protein localization and expression patterns in 
hair follicles, histological tissues sections were used. At least one FU in each experimental group was fixed in 
3.7% aqueous formaldehyde and embedded in paraffin as described above. Antigen retrieval was performed 
using 10 mM Citrate Buffer in hydrated sections following standard procedures. Primary antibodies, including 
anti-Cytokeratin 15 (CK15, clon EPR16Y, Abcam) and anti-KI67 (clon SP6, Abcam), anti-E-Cadherin (ECCD1; 
clon 24E10, Cell Signalling), anti-TCF4 (clon D4, Santa Cruz Biotech) and anti-DKK1 (clon B7, Santa Cruz 
Biotech), were incubated over night at 4 °C in a wet chamber, extensively washed with PBS, incubated for 1 hour 
at room temperature with appropriate secondary fluorescence-labelled antibodies and mounted in DAPI (100 ng/
ml)-containing Vectashield. Confocal images were obtained in Leica TCS SP5 AOBS spectral confocal micro-
scope and processed using the FIJI software.
References
 1. Brieger, K., Schiavone, S., Miller, J. & Krause, K. Reactive oxygen species: from health to disease. Swiss Med. Wkly. 142, w13659 
(2012).
 2. Al Shahrani, M., Heales, S., Hargreaves, I. & Orford, M. Oxidative Stress: Mechanistic Insights into Inherited Mitochondrial 
Disorders and Parkinson’s Disease. J. Clin. Med. 6, 100 (2017).
 3. Ahmad, S. I. Reactive Oxygen Species in Biology and Human Health. (CRC Press, 2016).
 4. Bartosz, G. Reactive oxygen species: Destroyers or messengers? Biochem. Pharmacol. 77, 1303–1315 (2009).
 5. Valko, M. et al. Free radicals and antioxidants in normal physiological functions and human disease. Int. J. Biochem. Cell Biol. 39, 
44–84 (2007).
for statistical analysis. ****significant P ≤ 0.0005; ***significant P ≤ 0.001, **significant P ≤ 0.05; *significant 
P ≤ 0.1. (C) Representative confocal microscopy images (maximum projections) of the immunolocalization 
of the WNT signalling antagonist DKK1 and the WNT signalling dependent transcription factor TCF4 in 
histological sections of human hair follicles grown ex vivo 7 days after red light irradiation (light Control) or PT. 
DAPI was used as chromatin counterstain and is shown in merged channels. Results are representative of two 
different experiments, n ≥ 3 samples per condition in each experiment. Scale bars: 100 µm.
9Scientific RepoRts |          (2019) 9:4509  | https://doi.org/10.1038/s41598-019-39992-8
www.nature.com/scientificreportswww.nature.com/scientificreports/
 6. Speakman, J. R. & Selman, C. The free-radical damage theory: Accumulating evidence against a simple link of oxidative stress to 
ageing and lifespan. BioEssays 33, 255–259 (2011).
 7. Sena, L. A. & Chandel, N. S. Physiological Roles of Mitochondrial Reactive Oxygen Species. Mol. Cell 48, 158–167 (2012).
 8. Owusu-Ansah, E. & Banerjee, U. Reactive oxygen species prime Drosophila haematopoietic progenitors for differentiation. Nature 
461, 537–541 (2009).
 9. Love, N. R. et al. Amputation-induced reactive oxygen species are required for successful Xenopus tadpole tail regeneration. Nat. 
Cell Biol. 15, 222–228 (2013).
 10. Le Belle, J. E. et al. Proliferative Neural Stem Cells Have High Endogenous ROS Levels that Regulate Self-Renewal and Neurogenesis 
in a PI3K/Akt-Dependant Manner. Cell Stem Cell 8, 59–71 (2011).
 11. Hernández-García, D., Wood, C. D., Castro-Obregón, S. & Covarrubias, L. Reactive oxygen species: A radical role in development? 
Free Radic. Biol. Med. 49, 130–143 (2010).
 12. Timme-Laragy, A. R., Hahn, M. E., Hansen, J. M., Rastogi, A. & Roy, M. A. Redox stress and signaling during vertebrate embryonic 
development: Regulation and responses. Semin. Cell Dev. Biol, https://doi.org/10.1016/j.semcdb.2017.09.019 (2017).
 13. Myant, K. B. et al. ROS production and NF-κB activation triggered by RAC1 facilitate WNT-driven intestinal stem cell proliferation 
and colorectal cancer initiation. Cell Stem Cell 12, 761–73 (2013).
 14. Hamanaka, R. B. et al. Mitochondrial Reactive Oxygen Species Promote Epidermal Differentiation and Hair FollicleDevelopment. 
Sci. Signal. 6, ra8–ra8 (2013).
 15. Carrasco, E. et al. Photoactivation of ROS Production in Situ Transiently Activates Cell Proliferation in Mouse Skin and in the hair 
Follicle Stem Cell Niche Promoting Hair Growth and Wound Healing. J. Invest. Dermatol. 135, 1–12 (2015).
 16. Carrasco, E., Blázquez-Castro, A., Calvo, M. I., Juarranz, Á. & Espada, J. Switching on a transient endogenous ROS production in 
mammalian cells and tissues. Methods 109 (2016).
 17. Hsu, Y.-C., Li, L. & Fuchs, E. Emerging interactions between skin stem cells and their niches. Nat. Med. 20, 847–856 (2014).
 18. Yano, K., Brown, L. F. & Detmar, M. Control of hair growth and follicle size by VEGF-mediated angiogenesis. J. Clin. Invest. 107, 
409–17 (2001).
 19. Li, W. et al. VEGF induces proliferation of human hair follicle dermal papilla cells through VEGFR-2-mediated activation of ERK. 
Exp. Cell Res. 318, 1633–1640 (2012).
 20. Xiong, Y., Liu, Y., Song, Z., Hao, F. & Yang, X. Identification of Wnt/β-catenin signaling pathway in dermal papilla cells of human 
scalp hair follicles: TCF4 regulates the proliferation and secretory activity of dermal papilla cell. J. Dermatol. 41, 84–91 (2014).
 21. Lien, W.-H. et al. In vivo transcriptional governance of hair follicle stem cells by canonical Wnt regulators. Nat. Cell Biol. 16, 179–190 
(2014).
 22. Chiarugi, P. & Cirri, P. Redox regulation of protein tyrosine phosphatases during receptor tyrosine kinase signal transduction. 
Trends Biochem. Sci. 28, 509–514 (2003).
 23. Corcoran, A. & Cotter, T. G. Redox regulation of protein kinases. FEBS J. 280, 1944–1965 (2013).
 24. Giannoni, E., Taddei, M. L. & Chiarugi, P. Src redox regulation: Again in the front line. Free Radic. Biol. Med. 49, 516–527 (2010).
 25. Bei, Y. et al. SRC-1 and Wnt Signaling Act Together to Specify Endoderm and to Control Cleavage Orientation in Early C. elegans 
Embryos. Dev. Cell 3, 113–125 (2002).
 26. Guardavaccaro, D. & Clevers, H. Wnt/-Catenin and MAPK Signaling: Allies and Enemies in Different Battlefields. Sci. Signal. 5, 
pe15–pe15 (2012).
Acknowledgements
This work has been supported by grants from Ministerio de Economía y Competitividad (RTC-2014-2626-1 to 
JE) and Instituto de Salud Carlos III (PI15/01458 to JE) of Spain.
Author Contributions
M.I.C.-S. and S.F. performed all the experiments, prepared figures and discussed results. J.J.M. discussed results. 
J.E. performed the experimental design, discussed results and wrote the text.
Additional Information
Competing Interests: All commercial applications of the procedures described in this work are protected by 
a CSIC-UAM patent (EP2932967A1) authored by M.I.C.-S. and J.E. and licensed to Derma Innovate S.L. for 
commercial exploitation. J.E. and J.J.M. have an unpaid advisory position in Derma Innovate S.L.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
